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ABSTRACT 

An ultra-high vacuum reflectometer has been 

built to operate at about 5 x 10 -lo torr. Barium 

films have been evaporated and their reflectance 

measured at two angles, near normal incidence at 

17.5' and near grazing incidence at 72.5'. 
short wavelength limit was determined by the cut- 

off of the sapphire windows, namely 1500 8. , With 

the help of  the Fresnel equations, the complex di- 

The 

electric constant a has been calculated to yield the 

index of refraction n and the extinction coefficient 

k. The imaginary part of (I/@), when plotted against 

hv, shows a peak near 7.6 eV and agrees qualitatively 

with characteristic electron energy loss data. 
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CHAPTER I 

INTRODUCTION 

The measurement of the optical properties of metals 

in the vacuum ultraviolet is almost completely limited, 

because of high absorption, lack of polarizers, etc., to 

reflection techniques. Of these, the most common are the 
dispersion analysis and the 11 two angle method." The disper- 

sion analysis requires - one experimental measurement of the 

reflected intensity of arbitrarily polarized, normally 

incident radiation. This reflectance, which ideally should 

be measured over an infinite photon energy range, may then be 

used to relate the real and imaginary parts of the complex 

index of refraction by means of the Kramers-Kronig dispersion 

relations,' The "two angle method" requires that - two reflec- 

ti.on measurements be made, with unpolarized light or light of 

known polarizatim, at two different angles of incidence. 

These two values of reflectance then make it possible, in 

principle, to solve the Fresnel reflection equations for the 

two unknowns, n, the real part of the index of refraction, 

and k, the extinction coefficient. The latter technique has 

been chosen f o r  the present work because the energy range of 

the available radiation is too narrow to allow a satisfactory 

dispersion analysis. 

The intensity of the reflected beam is given by the 
2 Fresnel formulas 

1 



2 

3 (1) 
tan:(e - X )  

Rs - sin2(@ + X) P tan ( 0  + X) 
, R =  - sin2(e - X )  

where 8 is the angle of incidence, X the angle of refraction, 

and the subscripts s and p refer, respectively, to the 

components polarized perpendicular to and parallel to the 

plane of incidence. 

related by Snellls law 

The angles 8 and X are, of course, 

(2) sin 8 = n1 sin x , 
where n1 = n - ik is the complex index of refraction. Coin- 

bination of eqs. (1) and (2 )  leads to the generalized 

reflected intensities for unpolarized incident radiation, 

2 - a2 + b2 - 2a cos 8 + COS 8 
a2 + b2 + 2a cos 8 + cos28 9 Rs - ( 3 )  

2 
(4) a2 + b2 - 2a sin 8 tan 8 + sin 9 tan20 

a2 + b2 + 2a sin 8 tan 8 + sin28 tan 0 2 ,  Rp = Rs 

2 2 rr 

, ( 5 )  R = *(Rs + RP) = 
Rs (aC + b2 + sin 8 tan 8) 

a2 + b2 + 2a sin 8 tan 0 + sin28 tan28 
where 

a - ib = n '  cos x, 
a2 + b2 = [ ( n  2 - lr2 - sin26)* + 4n 2 2 l  1; 1' , 

{(n2 - k2 - sin2€)) + C(n2 - k2 - sin28)2 + 4n 2 2 l  k 1'1 '. 
and 

d??a = 

Unfortunately, the two simultaneous equations which result 

from the substitution of Rl(e,) and R2(g2) into eq. 5 
cannot be solved to give solutions of the form 

n = n(R1, R2, 81, 8,) and k = k(R1, R2, 81' 821, (6 )  
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and a o r  tabular  technique is required.  For 

t h i s  work, the  method favored by Ishiguro e t  a l e 5  has been 

used (see Fig. i n  which curves of constant  n or constant  

k are p lo t t ed  i n  the (Re , RQ ) plane. 

these curves, the ref lectances R(Oi, n, k )  are ca lcu la ted  

from eq. (5)  i n  s teps  of An = Ak = 0.01 for 0 < n 6; 1 and 

0 k S 1, and i n  steps of An = Ak = 0.1 for 1 < n, k 5. 

After the experimental re f lec tance  values R(ei,W) have been 

obtained, n and k a r e  given as a funct ion of the angular  

I n  order  t o  p l o t  
1 2 

frequency of the  incident  rad ia t ion ,  w, by the p a i r  of 

curves i n t e r s e c t i n g  at the point  (R(O1, w ) ) .  

a program is being wr i t ten  so  that  the  ana lys i s  can be made 

I n  addi t ion,  

w i t h  the aid of a computer. 
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CHAPTER I1 

EXPERIMENTAL ARRANGEMENT AND PROCEDURE 

Since r e f l e c t i o n  measurements a re ,  perforce,  extremely 

s e n s i t i v e  t o  the  surface condi t ion of the sample, an u l t r a  

high vacuum ref lectometer  has been b u i l t  (Fig.  2 ) ,  i n  which 

r e f l e c t i v i t i e s  can be measured a t  angles of incidence of 

17.5' and 72.5'. 

a 1400 l i t e r / s e c  o i l  d i f fus ion  pump which i s  followed by a 

water cooled baffle and a f reon  cooled b a f f l e .  The combina- 

t i o n  of these t w o  ba f f l e s ,  which a r e  designed so  as t o  

r e tu rn  condensed o i l  t o  water cooled parts of the pump, i s  

o p t i c a l l y  dense and also provides an oil creep (surface 

migrat ion)  barrier. An op t i ca l ly  dense, ant imigrat ion type 

l i q u i d  ni t rogen t r a p  interposes  the preliminary b a f f l i n g  and 

the  u l t r a  high vacuum experimental volume. I n  addi t ion  t o  

the  o i l  pumping, t i tanium sublimators have been incorporated 

i n t o  the  u l t r a  high vacuum sec t ion .  

sublimated onto the ch i l l ed  surfaces  of the  l i q u i d  n i t rogen  

t rap i n  order  t o  increase the  pumping speed during times of 

heavy gas load .  The 1400 l i t e r s / s e c  d i f fus ion  pump i s  backed 

by a l i q u i d  n i t rogen  trapped o i l  sealed ro t a ry  pump. 

Convalex-10 o i l  i s  used i n  both d i f fus ion  pumps. The base 

pressure i n  the reflectometer i s  about 5 x 10- lo t o r r  and, 

The u l t r a  high vacuum system i s  pumped by 

T i t a n i h  may thus be 

6 

5 
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after initial pumpdown, t h i s  pressure can be obtained without 

repeated bake-outs or use Gf the Ti sublimators, 

In order t o  accommodate best the requirement of 

unpolarized incident radiation, a normal incidence vacuum 

monochromator has been chosen as the source of dispersed 

ultraviolet radiation. The angle between the entrance and 

exit arms is 35'. Wavelength scans are made by rotating the 

grating about a vertical axis through its center. When used 

in the first outside order with a 1440 grooves/mm grating, 
the angle of incidence at the grating of the undispersed 

radiation varies between ll.Oo and 4.4' in the wavelength 

range between 1500 and 3000g. The problem of polarization 

by reflection is thus minimized by the small angle of inci- 

dence. Although the focusing properties of such an instrument 

are riot as good as those of the Seya7 type monochromator, it 

is possible to optimize the geometry so that, for the above 

mentioned range and with a grating having a 1 meter radius of 

curvature, the position of the focused image is always 

wi-thin 3 mm of the exit slit. This is done by setting the 

entrance slit at 78.740 cm from the grating and the exit slit 
124.59 cm from the grating. 

to the focused image varies between 124.30 and 124.8 cm for 
this wavelength range. For a Seya monochromator, the corre- 

The distance from the grating 

sponding defocusing would be about 0.1 mm. 

In Fig. 3, a schematic representation of the experi- 

mental arrangement, the monochromator is shown in conjunction 
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with the reflectometer. It is sealed to the reflectometer 

by means of an elastomer gasket at the flange near the exit 

slit. The presence of a sapphire window in this flange 

isolates the ultra high vacuum of the reflectometer from the 

relatively poor vacuum of the monochromator, yet permits the 

transmission of wavelengths longer than 15002. 

source is a continuously pumped dc glow discharge in hydro- 

gen, which provides a line spectrum below 17008 and a 

continuum at longer wavelengths. The detector is a sodium 

salicylate coated photomulti2lier in a mounting which can be 

interchanged between the indicated flanges so as to measure 

the incident intensity(with the sample removed in an upward 

direction from the optic axis) and the intensities reflected 

The light 

at the angles O1 = 17.5' and 8, = 72.5'. 'The 

housing is evacuated by means of a mechanical 

to permit transmission of wavelengths shorter 

c 
photomultiplier 

pump in order 

than 20002. 

The barium is evaporated fram 9.005 inch wall thick- 

ness tantalum boats. With a boat of this thickness an 

evaporation current of about 100 amp is necessary. The 

evaporation takes place slowly, and a time of about 15 minutes 

is required tc obtain a visually detectable film. The sub- 

strate, which is maintained at room temperature, consists of 

a polished stainless steel plate ( or, alternatively, a 

microscope glass slide) attached to a bellows-sealed rotary 

feedthrough. 

Prior to any reflection measurements the barium 

evaporation boats and titanium sublimation filaments are 



10 

outgassed, and the system is allowed to return to its base 

pressure. A fresh layer of titanium is then sublimated onto 

the cold trap aiid the barium evaporation is performed. The 

maximum pressure during the evaporation is in the ioeD torr 

range arid returns to the lo-' torr range within five minutes. 

Reflectivity measurements (1500g C 

angles, 17.5' and 72.5', are then taken. 

are made on a single film to investigate changes which occur 

due to aging of the film. 

/- 

C 30002) at the two 

Repeated measuremefits 



CHAPTER I11 

RESULTS AND D I S C U S S I O N  

Preliminary r e s u l t s ,  taken i n  Dec. 1964, are shown 

i n  Fig.  4, where ref lectance measurements a t  17.5' and a t  

72.5' are p l o t t e d  versus  hv. Fig. 5 gives  the corresponding 

n and k values,  and Fig. 6 those for I m ( l / c ) .  Figs.  7, 8 

and 9 show corresponding r e s u l t s  of R, n and k, and Im(l/c), 

a l l  versus hv; these data, taken i n  Ju ly  1965, represent  

probably the most r e l i a b l e  o p t i c a l  measuremen-Ls t o  date. 

The quan t i ty  I m ( l / s )  is  equal t o  2nk/(n2 + k2)2, where 6 is  

tne conipiex dielectric constant;  i t  i s  of i n t e r e s t  because 

i t  i s  proport ional  t o  the cross sec t ion  f o r  c o l l e c t i v e  

e l e c t r o n  exc i ta t ion .8  Robins and Best 9 have reported an  

e l e c t r o n  c h a r a c t e r i s t i c  loss of 6 .5  eV i n  barium, shown by 

a downward arrow marked e- i n  Figs .  6 and 9. Thus i f  the 

o p t i c a l  constants  are determined pr imar i ly  by f ree  e l e c t r o n  

cont r ibu t ions ,  the imaginary p a r t  of the r ec ip roca l  of the 

d i e l e c t r i c  constant  should show a maximum a t  this energy. 

Figs.  6 and 9 show a peak a t  6.25 e V  and at 7.6 eV, respec- 

t i v e l y ,  which i s  i n  q u a l i t a t i v e  agreement w i t h  t h i s  assumption. 

The later, more r e l i a b l e  data have ind ica ted ,  however, that 

the I m ( l / s )  - curve i s  narrower than the same curves determined 

e a r l i e r .  

A s  t he  f i l m  ages i n  the u l t r a  high vacuum system, the 

maximum of I m ( l / c )  becomes broader and lower u n t i l  i t  d i s -  

11 
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appears altogether. The lower curves in Figs. 6 and 9 

represent this quantity measured after the barium film had 

been exposed to a pressure of about 1 x 10’’ for eight days. 

Between Dec. 1964 and July 1965, a total of 20 newly 
evaporated barium surfaces have been investigated in 45 
separate runs of reflectance determinations versus wavelength. 

In nearly all cases, the Im(l/€) versus hv curves show a 

maximum located between that of the earlier results of Dec. 

1964 (Fig. 6) and that of the last data of July 1965 (Fig. 9). 
In addition, measurement techniques have sufficiently improved 

to suggest details about the Im(l/e) curve, such as possible 

secondary peaks of as yet unknown origin. 

Even though it is well known, that H2 and CO are the 

principal residual gases in an ultra-high vacuum system as 

used in this research, it is not clear at this time as to 

what contaminations contribute to the optical deterioration 

of these barium surfaces. More work in this direction is 

necessary. 
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thia  report directly from D E .  Other qualified DDC 
userm shall request through 

* #  

(4) “U. S. military agenc ie s  m a y  ohtain copies of this 
report directly from DDC Other qualified userm 
shal l  request through 

( 5 )  “Al l  distribution of th i s  report is control led @d- 
if ied DDC users  shal l  request through 

, e  

If the report h a s  been furnished to the  Office of Technical 
Services,  Department of Commerce, for sale to the public, indi- 
c a t e  thim fact and enter the price,  if k n o m  
11. SUPPLEMENTARY NOTES: Use  for additional e x p l a n e  
tory notes. 
12. SPONSORING MILITARY ACTIVITY: Entm the name of 
the  departmental project  office or laboratory aponsoring ( p a y  
ing for) t he  research and development Include address. 

13  ABSTRACT: Enter  an abstract  givmg a brief mnd factual 
summary of the document indicative of the  report, even though 
i t  may a l so  appear e lsewhere in the body of t h e  technical  re- 
port. If additional spmce is required, m continuation aheet  s h a  
be attached. 

It is highly deairable that  the abmtract of classif ied repod 
be unclassified.  Each paragraph of the abstract  shmll end wit1 
an  indication of the military security c lassi f icat ion of the in- 
formation in the paragraph, represented a s  (rs). (S). (C). o r  (U 

There i s  no limitation on the length of the abstract .  How 
ever ,  the suggested length is from 1 5 0  tq 2 2 5  words. 

14. KEY WORDS: Key words are  technically meaningful term 
or short ph rases  that character ize  a report and may be used as  
index entr ies  for cataloging the report. 
se lected so that  no security c lassi f icat ion i a  required. Identi 
f iers.  such as  equipment model designation, trade name, militi 
project code name, geographic location. may be used a s  key 
words but will  be  followed by an indication of technical con- 
text. The assignment of l inks.  d e s .  and weights is optional. 

Key words must be 
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